Direct observation was used to describe and quantify four types of interaction between Daphnia (D. pulex, D. rosea, D. galeata mendotae, D. ambigua, and D. magna) and the rotifer, Keratella cochlearis f. tecta. The types of encounter differed primarily in duration, in the appendage movements elicited in Daphnia, and in the damage lo Keratella. Egg-carrying rotifers were just as susceptible to damage by Daphnia as nonovigerous rotifers. The frequency of interactions lethal to Keratella increased with increasing body size of Daphnia and decreased at algal concentrations above the incipient limiting concentration. By combining direct observations of the proportions of Keratella killed with measurements of Keratella-based clearance rates by Daphnia, the actual pumping rate of Daphnia could be estimated.
There is considerable indirect evidence from field observations and experiments that cladocerans may suppress rotifer population growth (Hrbacek and Novotna-DvoEakova 1965; Hall et al. 1970; Comita 1972; Daborn et al. 1978; Lynch 1979; Neil1 1984) . Although it has generally been assumed that the mechanism for such suppression of rotifers by cladocerans is exploitative competition, it has recently been shown for several species of Daphnia that these cladocerans can suppress populations of the ubiquitous rotifer Keratella cochlearis, even when food resources are not limiting (Gilbert and Stemberger 1985; Burns and Gilbert 1986) . Gilbert and Stemberger (1985) observed that Keratella cochlearis f. typica swept into the branchial chamber of Daphnia galeata mendotae may be killed immediately, mortally wounded, or lose attached eggs before, or when, being rejected.
Here we use direct observations to describe and quantify four types of interaction, which we term "interference,"
between five species of Daphnia (0. pulex, D. rosea, D. galeata mendotae, D. ambigua, and D. magna) and the small, but common, rotifer, Keratella cochlearis f. tecta.
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Materials and methods
Keratella cochlearis f. tecta, D. pulex, D. rosea, D. galeata mendotae, D. ambigua, and D. magna were obtained and cultured as described elsewhere (Burns and Gilbert 1986) . Daphnids were observed directly at magnifications of 12-50 X with a Wild M-5 stereomicroscope mounted horizontally. Adult animals were attached with Vaseline (Chesebrough Ponds) along the dorsal carapace to a glass needle held in plasticine and suspended vertically in a 1 -cm (4 ml) quartz glass spectrophotometric cuvette containing filtered (Whatman 934-AH glass microfiber filters) water from Post Pond, Lyme, New Hampshire, Cryptomonas sp. for food, and Keratella. Light was provided by a quartz fiber lamp (Schott) focused on the wall of the cuvette nearest the microscope. By this means rotifers were attracted into the observer's field of view and near the inhalant current of the suspended Daphnia.
Additional benefits of this lighting were a lack of convection currents, and dark-field illumination against which the Daphnia, rotifers, and Cryptomonas were clearly highlighted.
After being mounted on a glass needle the daphnids were suspended in 20-ml beakers of filtered pond water containing Cryptomonas at the experimental cell density for at least 20 min before being transferred to the cuvette for direct observations. it towards the mouth. The thoracic appendages continue beating. When a rotifer reaches the labral region, the movements of the daphnid's mandibles cease, the Zabrum is deflected forward, and the rotifer is rejected by one or more movements of the abreptor.
Many Keratella showed signs of severe physical damage after rejection (e.g. flattening, evisceration), and these individuals, which exhibited no movement, were assumed to be mortally wounded or dead. Rejected rotifers which appeared to be normal may have experienced some sublethal in- jury. The eggs of ovigerous Keratella generally become detached during this response.
Type 4. Inhaled rotifers reach the food groove and eventually the oral region of Daphnia where they pass between the mandibles and are ingested.
Keratella responded to types 2 and 3 in-
teractions. An elastic filament joins the eggs to the female's cloaca. On being sucked into a daphnid's branchial chamber, the eggs of ovigerous Keratella were pulled in ventrally, possibly providing bodily protection for the eggs, which are normally carried posterior to the rotifer where they may be vulnerable to mechanical damage. When Keratella was released during a type 2 interaction, the eggs would quickly resume a trailing position. If still alive when rejected during a type 3 encounter, Keratella generally behaved abnormally for several seconds or more. Most often, a brief period of no movement was followed by swimming downward in tight spirals in a seemingly disoriented fashion until normal swimming eventually was resumed.
Daphnid size-The effect of daphnid body size on Keratella mortality is shown in Fig.   1 , in which the percentage of lethal encounters (type 3 encounters which were lethal + type 4 encounters, expressed as a percentage of the total number of types 1 + 2 + 3 + 4 encounters) is plotted against body length for the five species of Daphnia. The proportion of lethal encounters was strongly correlated with daphnid body length (arcsine transformed percentages, r = 0.754, n = 3 1, P < 0.0 1) for the five species combined. The percentage of lethal encounters also correlated with body length for D. magna and for D. pulex (transformed percentages, r = 0.944, n = 6, P < 0.001 for D. magna and r = 0.674, n = 10, 0.01 < P < 0.05 for D. pulex). These correlations are consistent with the results of laboratory experiments which showed that the rate at which the rotifers were killed by Daphnia increased with increasing body size of the Daphnia (Burns and Gilbert 1986 ).
Out of 75 encounters between D. ambigua and Keratella none was lethal to Keratella, owing largely to the comparatively which is almost significant at the 5% level (for P = 0.05 and n = 15, r = 0.5 14), corroborates that of Porter et al. (1982) , who found that rates of thoracic appendage movement decreased with increasing adult body size in four species of Daphnia. Thus, Keratella mortality through interference by Daphnia increased with size of Daphnia (Fig.   l) , while rates of thoracic appendage movement tended to decrease. Therefore, we expected, and found, no significant relation (Spearman rank correlation, r, = 0.336, P > Keratella eaten by Daphnia in the absence of algae, 62.3%, was also significantly higher than the 17.8% eaten in the presence of abundant algae (Wilcoxon two-sample rank test, T = 15, P = 0.01). At algal concentrations above the ILC, rotifers which had been collected were often rejected from the food groove in the bolus of excess food. A rotifer collected soon after a food mass had been rejected was usually dead when it was rejected in the next bolus. Rotifers collected shortly before a food mass was rejected often survived the encounter; they detached themselves from the rejected bolus and swam away. Individual D. pulex did not differ significantly in the proportions of Keratella killed (x2 tests on numbers, x2 = 2.4 1, n = 5, P > 0.5) or ate (x2 = 8.91, n = 5, 0.1 > P > 0.05) in the absence of Cryptomonas (Table  1) . When Cryptomonas was abundant, however, there were significant differences in the proportions of Keratella which individual D.puZexkilled(x2=21.5,n=5,P<0.001).
For example, animal B killed fewer Keratella than expected (from the x2 frequencies), whereas animal E killed more than expected, despite its smaller size. The causes of this variation are not clear but may be related to physiological differences among the individuals (e.g. stage in the molting or reproductive cycle, nutritional state, stress associated with handling). Observations on the five D. galeata mendotae in Fig. 1 were made on the same day, with rotifers from the same culture, as were the observations on the five D. pulex in Table 1 . Therefore, it is unlikely that the variability among sim- ilar-sized daphnids in their response to Keratella is related to the condition of the rotifers used for the observations.
When Cryptomonas was present, there were no significant differences among the 3 days in the proportions of Keratella killed and eaten. In the absence of algae, however, D. pulex killed and ate proportionally more Keratella on the second and third days than on the first day (on Keratella killed, x2 = 6.25, n = 3,0.05 > P > 0.025; on Keratella eaten, x2 = 26.26, n = 3, P < 0.00 1). Stress, or hunger, may account for this increase, although one cannot discount the possibility that a daphnid's prior experience with Keratefla contributed to the higher proportions of rotifers killed and ingested on days 2 and 3 (see Price and Paffenhiifer 1984) . There were no significant differences between days 2 and 3 in the proportions killed and eaten (P > 0.5).
Contact time and mortality -Gilbert and Stemberger (1985) found that the probability of death or mortal injury to K. cochlearis f. typica by D. galeata mendotae increased with retention time in the branchial chamber. Our results confirm this general association between the duration of the interaction and the injury sustained by Keratella.
The mean durations of the four types of response differed significantly (StudentNewman-Keuls test on logarithmically transformed data, all P < 0.05) for Daphnia > 1.5 mm (Table 2 ) and usually only types 3 and 4 were lethal. Thus, the average period of contact between large Daphnia (body length > 1.5 mm) and Keratella in a type 1 response was 5.82 s and was about 10 times longer in a type 3 response. In small Daphnia (1.16-l .5 mm) the mean duration of a type 3 response differed significantly (Student-Newman-Keuls test on logarithmically transformed data, P < 0.05) from the durations of types 1 and 2, which did not differ from each other (P > 0.05) owing probably to errors associated with timing such brief encounters. In small Daphnia the period of contact during the first three types of response was considerably shorter than in the larger Daphnia, owing possibly to a higher rate of thoracic appendage movement in small species of Daphnia (Porter et al. 1982) . However, type 3 responses also lasted about 10 times longer than type 1 responses. Although type 3 responses in small Daphnia were about four times shorter than those in larger Daphnia (Table 2) , duration alone cannot account for Keratella mortality. A 1.36-mm D. pulex killed a Keratella after 8.25 s, and a 1.24-mm D. pulex killed one after 9.76 s. The range of durations of lethal type 3 interactions was very large: a 2.32-mm D. galeata mendotae killed 10 Keratella in interaction periods which ranged from 10.76 to 114.14 s, and a 2.36-mm D. pulex killed 9 Keratella in type 3 responses ranging from 53 to 335 s.
We predicted that the damage sustained by inhaled Keratella in a type 3 response would increase with time spent in the branchial chamber. To test the effect of the period spent in a daphnid's branchial chamber on Keratella mortality, we compared the mean times between inhalation and rejection of Keratella that were mortally wounded, or killed, and those that were not killed during a type 3 response. As there were large variations among individual animals in the mean times taken for each type of response (see earlier discussion), these comparisons were confined to the response times for 56 lethal and nonlethal interactions with five Keratella spent in the branchial chamber during a lethal type 3 response differ significantly from the periods spent during a nonlethal response (two-tailed t-test, P > 0.05). Therefore, the time spent in a daphnid's branchial chamber is, in itself, inadequate to account for the mortality we found during a type 3 response.
Egg-carrying and mortality-The additional size contributed by an egg makes the rotifer Brachionus calyciJlorus more difficult for another rotifer, Asplanchna, to capture and eat (Gilbert 1980 Nonovigerous rotifers were not significantly more vulnerable than egg-carrying rotifers (Mann-Whitney U-test, P > 0.10). Thus, whereas old rotifers are more resistant to injury than young rotifers (Gilbert and Stemberger 1985) , the presence of an egg does not confer an advantage on Keratella during a type 3 interaction as it does to Brachionus in an encounter with Asplanchna.
Carnivory-In type 4 responses, the rotifers were ingested. All of the species of Daphnia tested, except for D. ambigua, the smallest, ate Keratella (Fig. 2) . Daphnia size and the proportion of encounters which resulted in Keratella being ingested were significantly correlated (arcsine transformed percentages r = 0.541, n = 3 1, P < 0.0 1). Gilbert and Stemberger (1985) concluded that D. galeata mendotae is very unlikely to ingest K. cochlearis f. typica.Our studies show that another form, K. cochlearis f. tecta, is readily ingested by several species of Daphnia. The differences between the results with K. cochlearis f. typica and K. cochlearis f. tecta may reflect differences in ingestibility of the two forms of Keratella, but are more likely an outcome of larger Daphnia having been used in the observations with K. cochlearis f. tecta.
The times taken for 13 Keratella to pass through the digestive tracts of six Daphnia during our direct observations ranged from 6.47 to 16.63 min (Fig. 3) and increased, as expected, with daphnid size (Spearman rank. correlation on mean times, r,T = 1.0, P < 0.001). These gut passage times are within the range of times reported for Daphnia ingesting a variety of organic and inorganic particles (Peters 1984 Burns and Gilbert ( 1986, figure 2B ) found that at Keratella densities of 125-1,000 liter-' a free-swimming 2.7-mm D. magna killed the Keratella present in 3.63 ml in 1 h. If only 65.3% of the Keratella inhaled were killed (Fig. I) , the D. magna would have a pumping rate of at least 5.56 ml per animal per hour (100 x 3.63/65.3). This rate is consistent with pumping rates that can be calculated for large D. magna from other data. Porter et al. (1982, figure 1) showed that 2.7-mm D. magna can filter Chlamydomonas from the medium at rates ranging from about 4.0 ml animal-l h-l at cell concentrations below 7,500 cells ml-l to 1.5 ml animal-1 h-1 at 18,000 cells ml-I.
However, large D. magna released unharmed 3 1% of the Chlamydomonas cells which entered the branchial chamber at an algal concentration of 700 cells ml-l and 7 1% at an algal concentration of 17,000 cells ml-' (Scavia et al. 1984) . Therefore, the actual pumping rates are likely to have been between 5.8 ml animal-l h-l (4.0 x lOO/ 69)andavalue >5.2mlanimal-l h-l (1.5 x 100/29). The latter rate is an underestimate because Scavia et al. did not include cells rejected in packed boluses in their calculations of release rate. Although it is generally thought that the rate at which a Daphnia pumps water through its branchial chamber probably exceeds its clearance rate on algae, no one has yet attempted to measure the pumping rate, or "filtering rate" (Richman 1966) . We show here that, by combining direct observations of the proportions of inhaled particles which are killed or ingested with measurements of clearance rates of those particles, the actual rates at which water is drawn through the branchial chamber of Daphnia can be estimated.
